and the United States of America, and associate members Argentina and Brazil, Italy, and Switzerland.
IAPWS also has a formulation intended for industrial use.
This revised release is identical to the original release issued by IAPWS in 1996, except for inclusion of the calculated triple-point pressure, improved values for the coefficients and in Table 1 to match more accurately the arbitrary conventions for the zeros of energy and entropy. The improved coefficients produce slight changes in the numerical values of u, s, h, f, and g; other properties (and all measurable differences in properties) are unchanged. Minor editorial corrections have also been made, including corrections in the last digits of a few calculated values in Tables 6-8  and updates to (2) R = 0.461 518 05 kJ kg -1 K -1
(3)
The numerical values for the critical temperature T c and critical density ρ c are identical to those given in the IAPWS revised release on the critical parameters of ordinary water substance [2] . The value of the specific gas constant R is derived from values of the molar gas constant R m [3] and the molar mass M [4], which differ slightly from the accepted values of these quantities at the time this release was prepared. The use of the more recent values would yield a specific gas constant which is greater than the value given in Eq.
(3) by about 1 part in 60 000. Since the value of R in Eq.
(3) has been used in obtaining the coefficients in the residual part r φ , Eq. (6), then this value of R must be used in obtaining property values from the formulation, Eq. (4).
Due to the use of the specific gas constant, Eq. (4) corresponds to a mass-based formulation. In order to convert values of specific properties to molar properties, an appropriate value for the molar mass should be used (see [5] ).
The Formulation
The formulation is a fundamental equation for the specific Helmholtz free energy f.
This equation is expressed in dimensionless form, φ = f /(RT ), and is separated into two parts, an ideal-gas part o φ and a residual part r φ , so that : 
In order to meet this condition, the coefficients and in Eq. (5) have been adjusted accordingly. As a consequence, after calculating for T t the saturated liquid density o 1 n o 2 n t ρ′ via the phase-equilibrium condition (see Table 3 ), Eq. (4) yields for the specific enthalpy of the saturated liquid at the triple point: Table 3 . All required derivatives of the ideal-gas part and of the residual part of the Helmholtz free energy are explicitly given in Table 4 and Table 5 , respectively. Besides the single-phase region, the formulation also covers the liquid-vapor saturation curve. For given saturation temperature and solving simultaneously the three equations of the phase-equilibrium condition (see Table 3 ) by iteration, Eq. (6) yields the thermal saturation properties p σ , ρ′ and ρ′′ . Then, all the other properties can be derived from Eq. (4). In this way, the properties calculated on the saturation curve are thermodynamically consistent with the properties of the single-phase region.
Note: IAPWS has issued the Supplementary Release on Saturation Properties of Ordinary Water Substance [7] containing a set of simple equations which yield values for the vapor pressure as well as the density, specific enthalpy and specific entropy of the saturated vapor and liquid. The values calculated from these equations are not identical with the corresponding values derived from Eq. (4), but agree with them within the uncertainties of the simple equations for the saturation properties.
Range of Validity
IAPWS has tested the formulation and endorses its validity in the following way:
(1) The formulation is valid in the entire stable fluid region of H 2 O from the melting-pressure curve [8] to 1273 K at pressures up to 1000 MPa; the lowest temperature on the meltingpressure curve is 251.165 K (at 208.566 MPa) [8], see Fig. 1 .
In this entire region, Eq. (4) represents the experimental data available at the time the release was prepared (except for very few data points) to within their uncertainties.
Although Eq. (4) is also in satisfactory agreement with the experimental data in the critical region, the equation has some unsatisfactory features in the immediate vicinity of the critical point. These features involve second order and higher derivatives of the dimensionless Helmholtz free energy and properties obtained from them. Specifically, the isothermal compressibility κ T and the specific isobaric heat capacity c p exhibit unphysical behavior which occurs in a region from T
for densities ± 0.5 % from ρ c . In addition, within a temperature range from 20 mK below T c up to T c , the isochoric heat capacity c v exhibits a maximum and the speed of sound w exhibits a minimum not at the saturation temperature T of the corresponding isochore (as it should be) but in the single-phase region up to 2.5 mK above . (2) In the stable fluid region, the formulation can also be extrapolated beyond the limits given under item (1).
Tests show that Eq. (4) behaves reasonably when extrapolated to pressures up to about 100 GPa and temperatures up to about 5000 K. This holds at least for the density and enthalpy of undissociated H 2 O.
In the gas region at pressures below the triple-point pressure, Eq. (4) behaves reasonably when extrapolated to the sublimation-pressure curve [8] for temperatures down to 200 K. Due to the extremely low densities in this region which go down to about 10 −6 kg m −3 , attention must be paid to numerical problems.
(3) As far as can be tested with experimental data, the formulation behaves reasonably when extrapolated into the metastable regions. Equation (4) For further details see reference [1] .
Estimates of Uncertainty
Estimates have been made of the uncertainty of the density, speed of sound, and isobaric heat capacity when calculated from the formulation, Eq. (4). These estimates were derived from comparisons with the various sets of experimental data together with the judgement of the Working Group on Thermophysical Properties of Water and Steam of IAPWS.
For the single-phase region, these tolerances are indicated in Figs. 1 to 3, which give the estimated uncertainties in various areas. As used here, "tolerance" means the range of possible values as judged by IAPWS, and no statistical significance can be attached to it. With regard to the uncertainty for the speed of sound and the specific isobaric heat capacity, see Figs. 2 and 3, it should be noted that the uncertainties for these properties increase drastically when approaching the critical point. The statement "no definitive uncertainty estimates possible" for the high-pressure region in Figs. 2 and 3 is based on the lack of experimental data in this region.
For the saturation properties, the estimates of the uncertainties of vapor pressure, saturated liquid density, and saturated vapor density are shown in Fig. 4 .
Computer-Program Verification
To assist the user in computer-program verification, three tables with test values are given. Table 6 contains values of the ideal-gas part o φ and the residual part r φ of the dimensionless Helmholtz free energy together with the corresponding derivatives. Table 7 lists values for the pressure p, the specific isochoric heat capacity c v , the speed of sound w, and the specific entropy s calculated at selected values of temperature T and density ρ . Table 8 gives values for the vapor pressure p σ , values for the density ρ′ , specific enthalpy h′ and specific entropy s′ for the saturated liquid, and values for the density ρ′′ , specific enthalpy h″ and specific entropy s″ for the saturated vapor. All these saturation values have been calculated with Eq. (4) by using the phase-equilibrium condition (see the corresponding comment in Section 4). 0.250 428 995 × 10 4 0.277 441 078 × 10 4 0.255 071 625 × 10 4 s′/(kJ kg -1 K -1 ) 0.283 094 670 × 10 -1 0.210 865 845 × 10 1 0.380 194 683 × 10 1 s″/(kJ kg -1 K -1 ) 0.910 660 121 × 10 1 0.660 921 221 × 10 1 0.518 506 121 × 10 1 a All these test values were calculated from the Helmholtz free energy, Eq. (4), by applying the phaseequilibrium condition (Maxwell criterion).
Fig. 1.
Uncertainties in density, Δρ/ρ, estimated for Eq. (4). In the enlarged critical region (triangle), the uncertainty is given as percentage uncertainty in pressure, Δp /p. This region is bordered by the two isochores 527 kg m −3 and 144 kg m −3 and by the 30 MPa isobar. The positions of the lines separating the uncertainty regions are approximate. 
